c, which also supports the notion that a DNA kink occurs when the length of ssDNA string is shorter than 10 nt.
To support our suggestion that conformer II is in a kink state with local melting, we used S1 endonuclease, which specifically cleaves ssDNA, to test whether the conformer II in this study includes a melting region at the central dsDNA portion (Supplementary Figure 7 and Supplementary Methods). If conformer II includes a local melt at the central dsDNA portion, S1 endonuclease will cleave the central dsDNA portion; thus, ssDNA bands shorter than 30 nt will be elucidated. After an S1 endonuclease treatment, the cleavage products were detected through denaturing polyacrylamide gel electrophoresis (PAGE) (Supplementary Figure 7) . D-samples with triple bp mismatch, which include a melting region at the central dsDNA portion, were used as positive controls. Indeed, all samples with mismatches presented a band lower than 30 nt, including R60S30-m3 and linear dsDNA (L40S30-m3). In contrast, linear dsDNA (L40S30) without mismatches served as a negative control and was not cleaved by S1 endonuclease. Dsamples without mismatches presented a band that corresponded to a 15 nt oligo when the ssDNA string was shorter than 14 nt. In contrast, R60S30 did not exhibit a band that corresponded to a 15 nt oligo, which indicates that R60S30 has no melting region. It is to be noted that R44S30 was cleaved by S1 endonuclease although single-molecule measurements using R44S30 supports no kink formation. This discrepancy may have occurred by Zn 2+ , which facilitates a kink; [1] 1 mM Zn 2+ was added to the cleavage reaction because S1 endonuclease requires Zn 2+ for enzymatic activity. Overall, the S1 endonuclease measurements support that conformer II is in a kink state with dsDNA melting, which is consistent with previous studies that reported kink formation when dsDNA is highly bent. [1, 7] Estimation of the radius of dsDNA curvature for kink formation Using simple models, we estimated the radius of dsDNA curvature for kink formation. Our result suggests that R40S30 is in a boundary structure that includes a DNA kink. Using the simple approximation that a single ssDNA nt is 0.7 nm long and a single dsDNA bp is 0.34 nm long, [8] the curvature radius of R40S30 was calculated to be 3.5 nm. Next, we again calculated the curvature of the R40S30 radius using the assumption that the bending force of the dsDNA portion is in equilibrium with the stretching force of the ssDNA portion in the D-samples (Supplementary Methods and Supplementary Figure 9 a) . [1] A WLC model was used to calculate the dsDNA bending force, and the ssDNA string stretching force was calculated using three types of models: a WLC, a freely jointed chain (FJC), [9] and mean field WLC. [10] All models exhibited a similar trend in compressive bending force, which depended on the ssDNA ring size (Supplementary Figure 9 b ). As a result, the R40S30 curvature radius was estimated at ~ 3 nm. The 3 -3.5 nm curvature corresponds to approximately 56 -65 bp dsDNA for cyclization. This result is consistent with another study that used closed minicircles composed of dsDNA and concluded that minicircle DNA molecules that are smaller than 65 bp (the DNA curvature radius < 3.5 nm) can include a kink. [3b] Philips and coworkers also predicted that the inner loop radius in bacteriophage DNA packing is small as approximately 3 nm. [11] Because kink formation accompanies melting of a few dsDNA bp, the critical curvature of kink formation should depend on the ionic strength of the buffer and temperature. -The blue color denotes mismatched sequences.
D-sample preparation
We prepared seven different lengths of ssDNA rings (R34, R38, R40, R42, R44, R46, and R60) and four linear ssDNA molecules (S30, S30-m1, S30-m2, and S30-m3). All oligomers were purchased from [12]
Next, T4 DNA ligase (TAKARA) was added to ligate both ends of the dyelabeled ssDNA. Linear ssDNA without ligation, dimer, and tetramer, and ssDNA complex with ligase, etc, can be generated as a byproduct; these were removed through separation on a denaturing PAGE gel. Next, we tested whether the purified oligos were intact ssDNA rings by adding Exonuclease I (New England were generated by annealing the ssDNA rings with S30-m1, S30-m2, or S30-m3.
Single-molecule alternating laser excitation (ALEX) setup
The single-molecule alternating laser excitation method has been previously described. [13] In ALEX, two lasers are used, one for donor excitation (532 nm laser; TECGL-20, World Star Tech) and one for acceptor excitation (633 nm laser; 25-LHP-925, Melles-Griot), which were alternated using acousto-optic modulators (23080-1, Neos technologies) at a 100 μs period (Supplementary Figure 2 a) . Two laser lights were coupled using a dichroic mirror (z532bcm, Chroma) and then focused at 20 μm from the coverslip surface on an objective (water-immersion, 60 X, NA 1.2, UPLAPO) after reflection using a dichroic mirror (Z532/633RPC, Chroma) in an inverted microscope (IX 51, OLYMPUS). The donor and acceptor excitation laser intensities were 80 μW and 30 μW, respectively, before the objective lens in the alternating mode. The fluorescence emissions of freely-diffusing DNA samples were collected through the objective, passed through a 100 μm pinhole, separated into two pathways by a beam splitter (625DCLP, Chroma), and then refocused onto avalanche photodiodes (APDs) (SPCM AQR-13, EG&G Perkin Elmer). Two APDs were used to detect the Atto550 and Atto647N emissions, respectively.
HQ580/60m and HQ660LP were used to filter the Atto550 and Atto647N emissions before the APDs, respectively.
Data acquisition and calculating the FRET value (E) and stoichiometry parameter (S)
The typical excitation volume in our measurement was ~1 fl, and samples were diluted to 50 pM using Figure 2 b ). These three types of photon-counts were used to calculate E and S values of each molecule. The detailed method for calculating E and S has been extensively described in previous works. [14] E and S are calculated as the ratios of three types of photoncounting using the following equation. Supplementary Figure 2 c) . Next, the selected bursts were used to construct a one-dimensional E histogram, which is presented in the upper area of the E-S graph. The ratio of the detection channel efficiency (γ) is approximately 1, and the leakage (detection of donor emission by the acceptor detection channel) and the direct excitation of the acceptor due to the donor excitation laser were corrected as previously described. [13] All data were collected at room temperature (22 ± 0.3℃) unless indicates otherwise. All data were acquired and analyses performed using a home-made program constructed using LABVIEW software (National Instrument).
Real-time measurement of D-sample conformational dynamics
ALEX measurement is optimal for measuring the heterogeneity of biomolecules in a buffer solution, due to the short observation time (approximately 1 ms). [13] [14] However, the conformational dynamics of biomolecules in a millisecond scale can be observed by increasing the photon-counting rate. [15] To observe the real-time conformational dynamics of D-sample, we applied a high power laser (250 kW/cm 2 ) and photoprotection buffer [15] (20 mM Tris-HCl pH 8.0, 100 mM NaCl, 2 mM MgCl2, 10% glycerol, 10 mM cysteamine, 1 mM trolox, and 0.01% BSA) to our ALEX measurement. A typical photon-counting rate 
Cleavage assay using S1 endonuclease
Purify doubly labeled D-samples was not necessary for the single-molecule study because the ALEX method can distinguish D-samples from a non-hybridized ssDNA ring and S30. However, for the S1 endonuclease assay, we prepared D-samples by annealing the ssDNA ring and S30 at a 3:1 ratio to ensure that all S30 oligos were hybridized with the ssDNA ring. We mixed 25 nM D-samples with 89 units of S1
endonuclease in a reaction buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl, 5 % Glycerol, 1 mM MgCl2, and 1 mM ZnCl 2 for enzyme activity), which were incubated for 1 hour at room temperature. The cleave products were applied to a denaturing (7 M urea) 20 % polyacrylamide gel electrophoresis (PAGE) gel.
Next, we obtained fluorescent gel images using a Typhoon Trio imager (GE healthcare).
Estimation of bending curvature for kink generation
We calculated the curvatures of the radius of the D-samples assuming that the bending force of the dsDNA portion is in equilibrium with the ssDNA stretching force in D-samples. The bending energy is well-known ( ) based on the Worm Like Chain (WLC) model, where R is the radius of the dsDNA circular arc, L is the dsDNA contour length, is the dsDNA persistence length (~50 nm), T is the temperature (295 K in this calculation), and is the Boltzmann constant. Assuming that the bending force of the dsDNA portion and the ssDNA string stretching force are in equilibrium (Supplementary Figure 9 a) , the boundary condition can be described as follows.
, where fs denote the ssDNA string stretching force. The ssDNA string stretching force can be formulated using the WLC model as described below.
, where z denotes the end-to-end distance of the ssDNA string, L is the ssDNA persistence length (3 nm), and is the ssDNA string size. These equations were analytically solved using the conformational relationship, the curvature of radius R and z 2R sin (Supplementary Figure 9 a ).
Supplementary Figure 9 b presents the bending force of the dsDNA portion as a function of the ssDNA ring size. To calculate the ssDNA string stretching force, we tested the freely joint chain (FJC) model, the mean-field WLC model and the WLC model. Using these estimates, R40S30, which includes a kink,
presented an approximately 3 nm radius curvature.
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